BACKGROUND: Female fecundity is regulated by nutritional status. Although widely cited, this hypothesis is not strongly supported by empirical data from non-obese, healthy women of reproductive age. METHODS: Healthy, reproductive aged women (n 5 141) from Southern Poland collected daily morning saliva samples for one complete menstrual cycle. Levels of 17-b-estradiol were analyzed by radioimmunoassay. Anthropometric measurements, including body fat percentage, were taken randomly with respect to phase of the menstrual cycle. Energy balance was specified based on changes in body fat percentage from the beginning to the end of the observation period. RESULTS: Women with very low and high body fat had significantly lower levels of E2 compared with women with low and average body fat. In women of very low to average body fat, a 10% increase in body fat was associated with a 5-7 pmol/l increase in estradiol levels. The association between fat percentage and E2 was even stronger in women with positive energy balance, who also showed significant differences between body fat groups in estradiol profiles across whole the menstrual cycle. No such relationship was found in women with negative energy balance. CONCLUSIONS: In healthy women, we found a non-linear association between body fat and estradiol levels. Both very low and high body fat was associated with decreased estradiol levels. The relationship between estradiol and body fat was strongly influenced by women's energy balance.
Introduction
A small reduction in the levels of estradiol during the follicular phase, even when not related to significant changes in the length of the menstrual cycle, is associated with decreased probability of conception (Yoshimura and Wallach, 1987) . Higher levels of follicular estradiol have been observed in cycles resulting in conception compared with cycles without conception in healthy subjects (Lipson and Ellison, 1996; Baird et al., 1997 Baird et al., , 1999 Lu et al., 1999; Li et al., 2001; Venners et al., 2006) . In women undergoing in vitro fertilization, higher levels of estradiol after the time of embryo transfer (Chen et al., 2003) or hCG administration (Blazar et al., 2004) were also strongly positively related to pregnancy success.
Inter-individual variation in levels of ovarian steroid hormones (Jasienska and Jasienski, 2008) can be attributed to several factors, including those related to energy availability and metabolism. Although the influence of physical activity on ovarian hormone levels is relatively well recognized (Elias and Wilson, 1993; Ellison, 1998, 2004; Chen and Brzyski, 1999; Burrows and Bird, 2000; Warren and Perlroth, 2001; Jasienska, 2003; De Souza and Williams, 2004; Jasienska et al., 2006) , the role of nutritional status is still controversial.
A regulatory role of nutritional status on reproductive ability was first hypothesized by Frisch (1984) , and the clearest evidence for a relationship between nutritional status and ovarian hormone levels comes from studies on women with anorexia nervosa (Warren, 1983; van Binsbergen et al., 1990; Kirchengast and Huber, 2004; Miller et al., 2004) . In these women, low body mass or low body mass index (BMI) is related to low levels of estradiol and inhibition of menstrual cycles. However, the results of studies on healthy, relatively well-nourished women are contradictory. Studies report no relationship (Panter-Brick et al., 1993; Dorgan et al., 1995; Ivandic et al., 1998; Ukkola et al., 2001) , a positive relationship (Brunning et al., 1992; Zanker and Swaine, 1998; Barnett et al., 2001 Barnett et al., , 2002 Furberg et al., 2005) or a negative relationship (Howard et al., 1987; Potischman et al., 1996; Westhoff et al., 1996; Thomas et al., 1997a,b) between nutritional status and ovarian reproductive hormone levels; therefore, it is not clear whether variation in the ovarian hormone levels can be attributed to the influence of nutritional status.
Several authors have suggested that nutritional status does not regulate reproductive functioning independently from the effects of physical activity or energy balance (Wade et al., 1996; Ellison, 2001 Ellison, , 2003 Jasienska, 2001; Schneider, 2004; Wade and Jones, 2004) . Accordingly, a relationship between nutritional status and estradiol may be a by-product of the association between energy balance and reproductive hormone levels. In none of the cited studies, investigating the relationship between nutritional status and ovarian function was the effect of physical activity and/or energy balance accounted for, thus it is impossible to determine if the observed changes in the levels of reproductive hormones were independently modified by nutritional status.
To clarify the role of nutritional status as the factor affecting the levels of reproductive hormones in a menstrual cycle, we conducted a study investigating an association between estradiol levels measured over the course of a complete menstrual cycle and nutritional status indicated by body fat percentage in 141 healthy, well-nourished, but not obese women from Southern Poland. To account for the confounding effect of energy balance, separate analyses were conducted for a subsample of 131 women for whom energy balance was estimated on the basis of changes in body fat during the course of the study.
We hypothesize that nutritional status has an independent, regulatory effect on the levels of estradiol during the menstrual cycle and that the energy balance could influence this effect.
Materials and Methods

Study participants
The participants in this study were 141 women from urban and rural areas of Southern Poland. Women were recruited for the study by local media advertisement in the urban area, and through their parish in the rural area between June 2001 and June 2003. Selection of women for the study was based on the following criteria: age between 24 and 37 years, normal weight for height (reference data for weight for height recommended by WHO Expert Committee on Physical Report, 1995), self-assessed regular menstrual cycles not ,25 and not .35 days, no fertility problems, no gynecological and endocrinological disorders, not taking hormonal oral contraceptives, or other hormonal medications for the period of 6 months prior to the recruitment and not being pregnant or lactating during the 6 months prior to the recruitment. The research protocol was approved by the Bioethical Committee of Jagiellonian University.
General questionnaire and physical activity assessment A general questionnaire requesting information about place of birth, age, birthweight and birth length, age of menarche, education, marital status, reproductive history, use of hormonal medication and tobacco consumption was distributed to the study participants.
Physical activity was assessed on the basis of a pre-set daily log completed by women every day during their menstrual cycle. It requested data about hours of sleep, wake-up time and time spent during the day on physical activities in five categories. A detailed description of the methods was published elsewhere (Jasienska et al., 2006) .
Anthropometric measurements and energy balance adjustment
Anthropometric measurements were taken from each woman twice, randomly with respect to phase of the menstrual cycle. The maximum time between the first measurement and the beginning of the menstrual cycle and between the second measurement and the end of menstrual cycle was ,65 days.
Measurements of height, weight, body fat percentage, breast, underbreast, waist and hip circumferences were taken by a trained anthropologist. Body fat percentage was measured by bioimpedance using a TANITA scale (model TBF 551 with measurement accuracy of 0.1%). Body mass was measured using the same TANITA scale, with a measurement accuracy of 0.1 kg. BMI was calculated as the ratio of height (m) to body mass (kg) squared. Waist and hip circumference measurements were used to calculate waist-to-hip ratio (WHR). Breast and underbreast circumference measurements were used to calculate breast-to-underbreast ratio (BUR).
Energy balance was determined based on changes in the percentage of body fat between the first and the second measurement. A woman was classified as having positive energy balance when the difference in body fat percentage between the first and second measurement was equal to or greater than 21%. When this difference was less than 21%, a woman was classified as having negative energy balance.
Salivary estradiol assay procedure and estradiol indices Packages containing plastic vials and laboratory-tested chewing gum were distributed to women before the beginning of their menstrual cycle. During one complete menstrual cycle, every day in the morning after waking-up, women collected saliva samples in plastic tubes pretreated with sodium azide following published protocols (Lipson and Ellison, 1989) . Saliva samples from 20 days (25 to 224 reverse cycle days) were analyzed for E2 concentrations using an I-125-based RIA kit (#39100, Diagnostic Systems Laboratories, Webster, Texas, USA) with published modifications to the manufacturer's protocol . Average intra-assay variability was 9% and inter-assay variability varied from 23% for lower (15 pmol/l) to 13% for higher (50 pmol/l) values. The assay sensitivity was 4 pmol/l. Before statistical analysis, cycles were aligned on the basis of identification of the mid-cycle drop day (Day 0), which provides a reasonable estimate of the day of ovulation (Lipson and Ellison, 1996) . Values of E2 concentration from 18 consecutive days were used in the analysis, and the following estradiol indices were calculated: 'mean E2' (mean of days from 29 to 8), 'mid-cycle E2' (mean of days from 22 to 2), 'Day 21 E2 '(Day 21 E2 value, day before the mid-cycle drop day), 'Day 0 E2' (Day 0 E2 value, mid-cycle drop day), 'mean follicular E2' (mean of days from 29 to 21) and 'mean luteal E2' (mean of days from 0 to 8). Out of 141 women, complete data about 17-b-estradiol indices were available for 130, and data about these women were used in hormonal analysis.
Statistical analysis
Women were divided into four groups based on the quartiles of the distribution of body fat percentage. The established designation of body fat quartiles was maintained in all analyses to allow comparisons between groups (all women, positive energy balance women, negative energy balance women); thus sample sizes varied in different analyses. Differences among very low, low, average and high body fat groups in basic characteristics (i.e. age, size at birth, age at menarche, menstrual cycle length, body anthropometrics, body composition, physical activity and number of cigarettes smoked per day) were tested by one-way factorial analysis of variance (ANOVA) followed by Duncan's tests. Separate comparisons of basic characteristics were also made for body fat quartiles of women with negative and positive energy balance. The same procedure was applied to test the significance of the differences in E2 indices among body fat quartiles.
Additionally, simple regression models were used to test the effect of body fat on E2 levels, with each E2 index as a dependent variable and body fat as the independent predictor. Separate analyses were conducted for women with positive and negative energy balance.
Repeated measures ANOVA was used to test the differences in E2 profiles among the body fat groups in positive energy balance women. Separate models for values of E2 levels during 29 to 8 days (whole cycle), 29 to 21 days (follicular phase) and 0 to 8 (luteal phase) as dependent variables and body fat group as the independent variable were tested. Contrast analyses were used to test the statistical significance of differences among the four body fat groups.
Results
Body fat and estradiol General characteristics
General descriptive statistics for all women categorized with respect to their body fat are presented in Table I . Women characterized by very low, low, average and high body fat did not differ significantly with respect to age, birthweight and birth height, age of first menstruation, number of cigarettes smoked per day and physical activity. They differed significantly with respect to usual length of menstrual cycle (F 3,134 ¼ 2.73, P , 0.05) and anthropometric traits. Women with average body fat had significantly shorter self-reported length of menstrual cycle compared with women with very low body fat (28.1 versus 30.2 days, respectively). As expected, women in the high body fat group had significantly higher body mass, BMI and higher WHR than women in the other groups (all between group comparisons were statistically significant at P , 0.05), but they did not differ significantly with respect to their BUR.
Estradiol levels in body fat groups Mean levels of 17-b-estradiol in the four body fat groups are presented in Table II . Compared with women characterized by average body fat, women with very low and high body fat percentage had significantly lower levels of estradiol during the follicular phase (21.1 versus 17.0 and 15.9 pmol/l, F 3,124 ¼ 3.22, P ¼ 0.025), mid-cycle (25.4 pmol/l versus 19.7 and 18.2 pmol/l, F 3,126 ¼ 4.03, P ¼ 0.009) and on Day 21 (38.8 pmol/l versus 29.1 and 26.6 pmol/l, F 3,123 ¼ 4.60, P ¼ 0.004) and Day 0 (20.4 pmol/l versus 15.2 and 13.4 pmol/l, F 3,122 ¼ 3.35, P ¼ 0.021). Similar differences were also observed in comparisons between women with low body fat and women with very low and high body fat.
Additional evidence for the relationship between nutritional status and estradiol levels came from simple regression analysis of all non-overweight women (body fat ,31%). In these women, we observed a linear, positive association between body fat and mean E2 (
. Statistically significant relationships were also observed for Day 21 E2 (R 2 ¼ 0.097, P ¼ 0.002) and Day 0 E2 (R 2 ¼ 0.085, P ¼ 0.004). A 10% increase in percentage of body fat in the range of 9.1% to 30.8% was associated with a 7 pmol/l increase in mid-cycle E2 and a 5 pmol/l increase in follicular phase E2, luteal phase E2 and mean E2 during the menstrual cycle.
Body fat, energy balance and estradiol levels General characteristics
To test the effect of energy balance on the relationship between body fat and estradiol, separate analyses were conducted for 131 women characterized by positive or negative energy balance. Women with negative energy balance had significantly longer usual cycle length (30.0 versus 28.8 days, respectively, F 1,124 ¼ 4.67, P , 0.05) and lower body weight at birth (3.38 versus 3.07 kg, F 1,105 ¼ 6.48, P , 0.05) than women with positive energy balance. However, they did not differ significantly in any of the anthropometric or life style parameters.
In contrast, significant differences in anthropometrics were observed within both negative and positive energy balance groups among groups of women characterized by very low, low, average and high body fat content. As expected, higher weight (F 3,70 ¼ 66.66, P , 0.01), body fat (F 3,70 ¼ 232.85, P , 0.001), BMI (F 3,70 ¼ 56.52, P , 0.001) and WHR (F 3,70 ¼ 9.71, P , 0.001) were observed in women with higher body fat compared with women with lower body fat (all between group comparisons significant at P , 0.05) in the positive energy balance group. In the negative energy balance group, the same trend was observed for weight (F 3,52 ¼ 36.27, P , 0.001), BMI (F 3,52 ¼ 9.40, P , 0.001) and body fat (F 3,52 ¼ 129.45, P , 0.001). Additionally, in the positive energy balance group, women with very low and high body fat had significantly higher birthweight compared with women with low and average body fat (3.58 kg for very low body fat group and 3.57 kg for high body fat group versus 3.18 kg for low body fat group and 3.21 kg for average body fat group, F 3,59 ¼ 3.35, P , 0.05, between group comparison significant at P , 0.05).
Estradiol levels in body fat and energy balance groups
Average values of E2 indices for the body fat quartiles of women with positive and negative energy balance are presented in Table III . ANOVA analyses of estradiol levels in these groups revealed significant differences in all estradiol indices between women differing with respect to body fat percentage in the positive energy balance group, but not in the negative, energy balance group. Significantly lower levels of mean E2 (F 3,66 ¼ 3.51, P , 0.05), mid-cycle E2 (F 3,66 ¼ 4.04, P , 0.05), Day 21 E2 (F 3,64 ¼ 3.55, P , 0.05) and follicular phase E2 (F 3,64 ¼ 3.23, P , 0.05) were observed in women with very low and high body fat compared with women with low and average body fat (between group comparison significant at P , 0.05). Additionally, levels of Day Repeated measures ANOVA revealed significant differences in estradiol profiles during the menstrual cycle between body fat groups (F 3,66 ¼ 3.81, P , 0.05) in women with positive energy balance. Women with very low and high body fat had significantly lower levels of E2 over the whole menstrual cycle compared with women with average and low fat (Fig. 1 ). Similar differences between body fat groups were also observed with respect to levels of E2 during the follicular phase (F 3,66 ¼ 3.69, P , 0.05) and levels of E2 during the luteal phase (F 3,66 ¼ 3.17, P , 0.05).
The relationship between body fat and E2 levels was further confirmed by regression analyses in non-overweight women with positive energy balance, but not in those with negative energy balance (Table IV) . In women with positive energy balance and body fat ,31%, we observed a linear association between body fat and mean E2 (R 2 ¼ 0.13, P , 0.01), midcycle E2 (R 2 ¼ 0.15, P , 0.01), follicular E2 (R 2 ¼ 0.11, P , 0.05) and luteal E2 (R 2 ¼ 0.14, P , 0.01) (Fig. 2) . The same trend was also observed for estradiol on Day 21 (R 2 ¼ 0.14, P , 0.01) and on Day 0 (R 2 ¼ 0.14, P , 0.01).
In the range of 9.1% to 30.8% body fat, a 10% increase in body fat was associated, on average, with a 7 pmol/l increase in mean E2, luteal E2 and follicular E2. Also, a 10% increase in body fat was associated, on average, with a 9 pmol/l increase in E2 on Day 0, a 10 pmol/l increase in mid-cycle E2 and an almost 15 pmol/l increase in E2 on Day 21.
Discussion
We found that nutritional status indicated by body fat percentage is an important factor associated with the levels of estradiol during the menstrual cycle. In particular, we found a non-linear U-shaped association between body fat percentage and levels of estradiol during the menstrual cycle. Women with very low (below 22%) and high body fat (above 31%) had 25-35% lower levels of estradiol than women with low or average body fat. Furthermore, when the analysis was restricted to women characterized by body fat percentage ,31%, we found a positive linear relationship between body fat and estradiol levels, such that a 10% increase in body fat was associated with a 5 -7 pmol/l increase in estradiol levels.
We also demonstrated that energy balance confounded the association between estradiol levels and body fat in such a way that in women with positive energy balance, this association was even stronger than it was in the whole sample of women, whereas in women with negative energy balance, no relationship between body fat and estradiol levels was found.
Our findings correspond with the results of other studies concerned with levels of E2 in overweight and obese women. A decreased E2 surge was noted in studies by Grenman et al. (1986) , Kopelman et al. (1980) , Leenen et al. (1994) and recently by Tworoger et al. (2006) . Several authors have demonstrated that, in women, increased adiposity and obesity are related to high androgenic activity (Evans et al., 1983; Hauner et al., 1988; Wabitsch et al., 1995; Norman and Clark, 1998) . This may explain the inversion in the pattern of association between body fat percentage and estradiol levels observed in our study.
In accordance with our results, van der Steeg et al. (2007) demonstrated declining probability of spontaneous pregnancy for low and high BMI subfertile, ovulatory women. In women of BMI ,21, a kg/m 2 decrease in BMI was associated with 3% lower pregnancy rate, whereas in women of BMI .29, a kg/m 2 increase in BMI was associated with 4% lower pregnancy rate. Gesink Law et al. (2006) also (2000) showed that in underweight (BMI , 20) and overweight (BMI . 25) women, the probability of pregnancy during assisted reproduction treatment was 20% lower compared with women with BMI in the normal range. Levels of estradiol during the menstrual cycle, and especially during its follicular phase, are related to follicular diameter, oocyte quality and endometrial morphology and thickness (Ohno and Fujimoto, 1998; Cahill et al., 2000) . Lower levels of E2 during the menstrual cycle and during ovulation frequently correlate with lower pregnancy rates, both in healthy, naturally conceiving women (Lipson and Ellison, 1996; Lu et al., 1999; Li et al., 2001; Venners et al., 2006) and in women undergoing in vitro fertilization procedures (Chen et al., 2003; Blazar et al., 2004) .
Our results suggest that lower fecundity, conception and pregnancy rates in underweight, overweight and obese women can be mediated by an unfavorable estradiol environment. Furthermore, the negative linear association between pregnancy rate and BMI in low BMI women found in van der Steeg et al. study (2007) can be easily explained by the linear association between body fat and estradiol levels found in non-overweight participants of our study.
Results of our study clarify and extend previous evidence on the association between nutritional status and levels of reproductive steroids. Several studies conducted on different groups of premenopausal women (diabetic, obese, dieting, very lean and normal weight) demonstrated contradictory results (Howard et al., 1987; Brunning et al., 1992; Potischman et al., 1996; Westhoff et al., 1996; Thomas et al., 1997a,b; Zanker and Swaine, 1998; Barnett et al., 2001 Barnett et al., , 2002 . This inconsistency partly results from methodological limitations, especially calculations of mean E2 levels based on no more than a few samples from each menstrual cycle. Owing to substantial intra-cycle variation in E2 levels, such sampling is vastly insufficient and can lead to errors in estimating mean E2 levels for individual women (Jasienska and Jasienski, 2008) . In most of these studies, estradiol levels were analyzed from a single blood sample, whereas Williams et al. (2002) , relying on repeated measurements of reproductive steroids in 34 women, showed that at least eight samples taken from a single subject are necessary to detect 80% of biological variation in estradiol levels during a particular menstrual cycle. In our study, the number of samples taken from a single subject considerably exceeded this requirement.
Another limitation of other studies is the use of BMI as the indicator of nutritional status. BMI does not represent sufficient information about nutritional status and accumulated body fat (Piers et al., 2000; Kyle et al., 2003; Ketel et al., 2007) . Frequently, individuals classified as overweight on the basis of BMI are of normal adiposity, especially if they have high muscle mass (Hortobagyi et al., 1994; Nevill et al., 2005; Wit and Bush, 2005) . Conversely, women classified as normal using BMI criteria frequently have increased adiposity (Frankenfield et al., 2001) . In our study, this limitation was circumvented by direct measurement of body fat percentage. The concurrent lack of a relationship between estradiol and BMI and positive relationship between estradiol and percent body fat observed in our study provides further evidence that BMI may be a poor indicator of nutritional status.
In addition to making careful measurements of estradiol levels and nutritional status, we were able to estimate the energy balance of women based on changes in body fat during the observational period. Although we are aware of the fact that changes in the percentage of body fat are only the proxy measures of energy balance, this estimation allowed us to investigate the interactions between nutritional status, energy balance and the estradiol levels across the menstrual cycle, which to our knowledge have not previously been reported. Energy balance has been shown to influence ovarian steroid profiles in several studies Lager and Ellison, 1990; Panter-Brick et al., 1993) .
Our results indicate that negative energy balance caused by increased physical activity and/or inadequate caloric intake has a confounding effect on the association between nutritional status and reproductive hormone levels. This fact can explain the lack of a relationship between nutritional status and levels of reproductive hormones demonstrated in populations or groups of women characterized by high physical activity (Lager and Ellison, 1990; Ellison, 1998, 2004) , women losing weight due to voluntarily caloric restriction (Lager and Ellison, 1990) , and women from hunter gatherer and horticulturalist groups in Africa and Nepal Panter-Brick et al., 1993) who experienced periods of restricted caloric intake and high physical activity. In contrast, an association between body fat and reproductive hormones has frequently been demonstrated in women from western populations who generally have higher energy intake and lower physical activity; none of these studies, however, controlled for energy balance (Brunning et al., 1992; Zanker and Swaine, 1998; Barnett et al., 2001 Barnett et al., , 2002 Furberg et al., 2005) .
The first limitation of our study is the imprecise estimation of energy balance. Although evaluation of metabolic rate or resting energy expenditure would have been a more accurate method, Abbott et al. (1988) showed that fat balance highly correlates with energy balance both in men and in women. Thus, we believe that a change in body fat percentage provides a good proxy of energy balance in our study participants.
Another limitation of our study is that the interval between the first anthropometric measurement and the beginning of the menstrual cycle and between the end of the menstrual cycle and the second anthropometric measurement varied significantly between study participants. The minimal interval between these two was ,1 day and maximal interval was 65 days. Although differences in these intervals could possibly confound our findings, additional analyses conducted with exclusion of participants with longer intervals between measurements did not change the results of the analyses (data not shown).
Although our results point to the important association between nutritional status and energy balance and estradiol levels, our study did not investigate physiological mechanisms that were behind the observed relationship. Several different physiological mechanism have been proposed in other studies, including those postulating the regulatory role of leptin and insulin both indirectly influencing hypothalamic secretion and directly influencing ovarian production of estradiol (Smith et al., 2002; Porte et al., 2005) .
Our results support the hypothesis of a regulatory role of nutritional status on potential fertility in reproductive age women, but only in those with positive energy balance. In women of reproductive age, energetic resources are partitioned between maintenance of normal physiological processes and reproduction. The increased energy requirements of reproduction can be partially supported by energetic reserves stored in women's bodies in the form of fat. This fat depot is built-up under favorable environmental conditions when energy intake is high, energy expenditure due to physical activity is low and total energy balance is positive. The consequences of inadequate nutritional status during pregnancy are highly adverse both to the child and to the mother. Low body mass of a woman prior to and during pregnancy is associated with a high risk of preterm labor, intrauterine growth retardation, low birthweight of the infant and maternal depletion syndrome (Jelliffe and Maddocks, 1964; Winkvist et al., 1992; Ehrenberg et al., 2003; Kramer, 2003 ). Short-term reproductive suppression in women with low energy reserves may function as an evolutionary adaptation protecting against these risks and improving the chances of successful reproduction in the future (Ellison, 1990 (Ellison, , 2001 Jasienska, 2003) .
